Tracing the metasomatic and magmatic evolution of continental mantle roots with Sr, Nd, Hf and Pb isotopes : a case study of Middle Atlas (Morocco) peridotite xenoliths by Wittig, Nadine et al.
Available online at www.sciencedirect.comwww.elsevier.com/locate/gca
Geochimica et Cosmochimica Acta 74 (2010) 1417–1435Tracing the metasomatic and magmatic evolution of
continental mantle roots with Sr, Nd, Hf and and Pb isotopes: A
case study of Middle Atlas (Morocco) peridotite xenoliths
Nadine Wittig a,b,*, D. Graham Pearson a, Svend Duggen b,c, Joel A. Baker d,
Kaj Hoernle c
aArthur Holmes Isotope Geology Laboratory, Department of Earth Sciences, Durham University, South Road, Durham,
DH1 3LE, United Kingdom
bDanish Lithosphere Centre, Øster Voldgade 10, 1350 Copenhagen K, Denmark
cLeibniz Institute of Marine Sciences, IFM-GEOMAR, Division Dynamics of the Ocean Floor, Wischhofstraße. 1-3,
24148 Kiel, Germany
dSchool of Geography, Environment and Earth Sciences, Victoria University of Wellington, P.O. Box 600, Wellington, New Zealand
Received 10 September 2009; accepted in revised form 23 October 2009; available online 10 November 2009Abstract
We studied clinopyroxenes from spinel-facies peridotite xenoliths sampled by the Quaternary intra-plate volcanism of the
Middle Atlas (Morocco) and present new trace element and Sr–Nd–Hf isotope data. However, we focus in particular on Pb
isotope data and 238U/204Pb and 232Th/204Pb ratios of these clinopyroxenes. This data allows us to investigate: (a) the timing
of metasomatic events, (b) the prevalence and persistence of elevated 238U/204Pb, 232Th/238U and 232Th/204Pb in continental
mantle roots and (c) the 238U/204Pb and 232Th/204Pb composition of putative basaltic melts generated from such metasoma-
tised sub-continental lithospheric mantle (SCLM).
Incompatible trace element concentrations in these clinopyroxenes are elevated, marked by high-ﬁeld strength element
depletion and fractionated elemental ratios (e.g., U/Nb, Zr/Hf) most consistent with enrichment due to carbonatitic liquids.
Sr, Nd and Hf isotopes have an aﬃnity to HIMU.
U, Th and Pb abundances in the clinopyroxenes generally exceed estimates of primitive mantle clinopyroxene. Pb isotope
compositions of these clinopyroxenes are radiogenic and vary between 206Pb/204Pb = 19.93–20.25, 207Pb/204Pb = 15.63–15.66
and 208Pb/204Pb = 39.72–40.23. These Pb isotope systematics result in generally negative D7/4 but positive D8/4; setting these
samples distinctly apart from typical HIMU. These Pb isotope compositions are also distinct from the associated host volca-
nic rocks. 238U/204Pb and 232Th/204Pb of these clinopyroxenes, which range from 26 to 81 and 136 to 399, respectively, are
elevated and more extreme than estimates of MORB- and HIMU-source mantle.
The Pb isotope evolution of the clinopyroxenes suggests that the metasomatic enrichment is younger than 200 Ma, which
discounts the volcanic activity due to the opening of the Atlantic and the onset of the collision of the African and Eurasian
plates as processes generating the lithophile element and isotope composition of this continental mantle root. Instead, the
enrichment is thought to be associated with the Quaternary intra-plate volcanism in the Middle Atlas. However, the erupted
maﬁc melts have unradiogenic Pb isotopes and lower 238U/204Pb, 232Th/204Pb and 232Th/238U relative to the clinopyroxene
and do not seem to have equilibrated with the clinopyroxenes. The high Th abundances and the high 232Th/238U also suggest
that the metasomatism was due to carbonatitic liquids.0016-7037/$ - see front matter  2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.gca.2009.10.048
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1418 N. Wittig et al. /Geochimica et Cosmochimica Acta 74 (2010) 1417–1435When literature data for Pb isotopes in mantle minerals are considered, the Pb isotope range of Archean, Proterozoic and
Phanerozoic continental mantle roots is remarkable in that they are similar to the convecting mantle. This observation does
not support the existence of sub-continental lithospheric mantle with high 238U/204Pb and 232Th/204Pb for long periods of
time. Consequently, the narrow range of Pb isotopes in SCLM worldwide suggests that only the youngest metasomatic events
are recorded by incompatible elements such as U, Th and Pb. Numerical modelling of putative magmas generated from Mid-
dle Atlas SCLM by fractional, non-modal melting calculations yield extremely high 238U/204Pb and 232Th/204Pb ratios. For
example, pure SCLM magmas generated from 0.5% to 10% melting are anticipated to have 232Th/204Pb ratios exceeding those
known from terrestrial basalts.
 2009 Elsevier Ltd. All rights reserved.1. INTRODUCTION
Sub-continental lithospheric mantle (SCLM) is often
invoked as a versatile isotopic reservoir in order to explain
the isotopic idiosyncrasies in the global mid-ocean ridge
basalt (MORB) and ocean island basalt record (OIB)
(Hawkesworth et al., 1983; McKenzie and O‘Nions,
1983, 1995; Hassler and Shimizu, 1998; Hanan et al.,
1999; O’Reilly et al., 2006, 2008). In addition, SCLM is
frequently regarded as an important contributor to intra-
plate continental volcanism (Chauvel and Jahn, 1984;
Turner and Hawkesworth, 1995; Shaw et al., 2007). The
Sr–Nd isotope variation of peridotitic SCLM, although
encompassing a wide range of compositions within indi-
vidual suites, generally resembles that of MORB and
OIB (Pearson and Nowell, 2002). Furthermore, the mantle
samples with the most extreme Sr–Nd isotope characteris-
tics have negligible Nd concentrations relative to plausible
magma source regions (Pearson and Nowell, 2002). Con-
sequently, Sr–Nd isotope variations do not appear to be
particularly diagnostic in evaluating potential recycling
and incorporation of SCLM into terrestrial volcanism.
In comparison, emerging Nd–Hf isotope data suggests
remarkable variation in lithospheric minerals that is dis-
tinct from the tightly correlated OIB range in certain, car-
bonatite/hydrous ﬂuid-metasomatised xenoliths suites
(Bizimis et al., 2003, 2007; Wittig et al., 2006; Shaw
et al., 2007). Therefore, the combination of Hf and Nd
isotopes may yield a powerful, although yet to be tested
tool in detecting incorporation of SCLM into terrestrial
volcanism (Pearson and Nowell, 2002; Wittig et al.,
2006, 2007). However, high-eHf clinopyroxene separates
generally originate from highly infertile harzburgites that
are unlikely to participate in mantle melting. Fertile lherz-
olites, however, seem to maintain coupled Sr–Nd–Hf iso-
topes indistinguishable from the bulk of oceanic basalts
(e.g., Shaw et al., 2007; Wittig et al., 2007).
The U/Pb and Th/Pb isotope systems are among the
most versatile analytical tools available for investigating
the evolution of geological material (Tera, 2006). Recently,
methodological advances render the accurate and precise
analysis of Pb isotopes possible in samples with low Pb
abundances (Woodhead et al., 1995; Galer, 1999; Abouch-
ami et al., 2000; Thirlwall, 2000, 2002). Yet presently, the
data available for samples recovered from continental man-
tle roots is scarce (400 analysis of individual clinopyrox-
ene separates; Wittig et al. 2009a, Fig. 1) relative to the
analyses of volcanic rocks derived from the convectingmantle (see compilation by Stracke et al., 2003 yielding
ca. 2450 samples). One of the challenges of interpreting
Pb isotope analyses in low level material such as mantle
clinopyroxene comes from the high abundance of “anthro-
pogenic”, enriched-mantle-like Pb in the environment that
3Tracing the evolution of continental mantle roots with Sr, Nd, Hf and Pb isotopes 1419has the potential to dominate 206Pb/204Pb and 207Pb/204Pb
in mantle minerals if leaching techniques are inadequate
(Wittig et al., 2009a). The compiled Pb isotope data of
SCLM minerals suggest that: (a) SCLM minerals exhibit
somewhat greater 207Pb/204Pb isotope variation as com-
pared to the convecting mantle (Fig. 1), (b) 206Pb/204Pb >
20.5 (“true” HIMU, high mu [238U/204Pb]) is virtually ab-
sent and (c) enriched mantle (EM) Pb isotope ratios appear
to be particularly dominant although Sr isotopes in these
samples do not resemble enriched mantle. It is important
to recognize that all recovered leachates from mantle min-
erals have EM-like Pb isotopes and that the corresponding
clinopyroxenes have very diﬀerent Pb isotopes that, in most
cases, do not resemble the EM component. Further discus-
sion of the Pb isotope systematics of mantle clinopyroxene–
leachate pairs can be found in Wittig et al. (2009a).
In mantle clinopyroxenes, parent/daughter elemental ra-
tios of the Sr, Nd, Hf and Pb isotope systems are also rarely
provided (e.g.,6140 for 238U/204Pb and 232Th/204Pb, Fig. 1).
In contrast to the Hf (176Lu t1/2 37.2 Gyr), Os (187Re t1/2
42.3 Gyr), Sr (87Rb t1/2 47.5 Gyr) and Nd (147Sm t1/2
106 Gyr) isotope systems, the half-lives of 232Th (t1/2
14.3 Gyr) and in particular 238U (t1/24.6 Gyr) are consid-
erably shorter. These relatively short half-lives may facilitate
the understanding of several aspects in the evolution of
SCLM. For example, the short half-lives of U and Th result
in rapid isotopic in-growth of Pb isotopes inmetasomatically
enriched mantle clinopyroxene over relatively short periods
of time (i.e. tens of Myr) that is not observed in Sr, Nd orFig. 1. Panel (a) shows 207Pb/204Pb versus 206Pb/204Pb of sub-
continental lithospheric mantle minerals (SCLM; dashed ﬁeld,
Cohen et al., 1984; Hamelin and Alle`gre, 1988; Stolz and Davies,
1988; Walker et al., 1989; Galer and O’Nions, 1989; Ben Othman
et al., 1990; Meijer et al., 1990; Mukasa et al., 1991; Porcelli et al.,
1992; Tatsumoto et al., 1992; Kramers et al., 1993; Pearson et al.,
1993; Carlson and Irving, 1994; Hauri et al., 1994; Carignan et al.,
1996; Lee et al., 1996; Rosenbaum et al., 1997; Baker et al., 1998;
Brandon et al., 1999; Mukasa and Shervais, 1999; Ionov et al.,
2002; Santos et al., 2002; Witt-Eickschen et al., 2003; Choi et al.,
2005; Shaw et al., 2007; Wittig et al., 2007; Wittig et al., 2009a).
Also shown is the range of oceanic basalts (MORB and OIB; grey
ﬁeld; Stracke et al. (2003) and references therein, n = 2450) in
addition to typical mantle endmember compositions (black
squares; HIMU, EMI, EMII, DMM after Hofmann, 1997).
NHRL denotes the Northern Hemisphere Reference Line after
Hart (1984). The Middle Atlas clinopyroxenes (black circles) and
volcanic rocks (Duggen et al., 2009) are shown for comparison.
Panel (b) shows D8/4 versus 206Pb/204Pb of the same data sets as in
(a) except here the individual SCLM clinopyroxene data points are
shown. D8/4 denotes the deviation of 208Pb/204Pb from the NHRL
as deﬁned by Hart (1984). Note the unusual combination of
positive D8/4 and radiogenic 206Pb/204Pb found in the Middle Atlas
SCLM clinopyroxenes. References are the same as in panel (a).
Panel (c) shows 232Th/204Pb versus 238U/204Pb of oceanic basalts,
HIMU and DMM, the Middle Atlas volcanic rocks and the
literature compilation of SCLM minerals (white diamonds).
Arrows denote the two main trends exhibited in the global l and
x record of SCLM clinopyroxenes. References are the same as in
panel (a). The Middle Atlas clinopyroxenes are highlighted as black
circles.Hf isotope systematics and may help in determining the rela-
tive timing of metasomatic enrichment.Moreover, Th andU
show contrasting behavior during metasomatic enrichment
in hydrous and some carbonatitic liquids (Bell and Tilton,
2001) that percolate through the SCLM. As such, hydrous
and carbonatitic ﬂuids may result in highly fractionated
232Th/238U ratios (j) in mantle minerals that are distinctly
lower (e.g.,Wittig et al., 2007) or higher (this study) than esti-
mates for depletedMORB-mantle (DMM,j  2.5) andBulk
Silicate Earth (BSE, j  3.4, Galer and O’Nions, 1985). In
contrast, percolating silicate melts are less likely to impose
fractionated 232Th/238Uon the SCLMand are thought to im-
part j within the typical range of DMM and BSE. Hence,
232Th/238U inmantle clinopyroxenemay distinguishmetaso-
matic enrichment due to hydrous (i.e. very low j) versus car-
bonatitic ﬂuids (i.e. very low to elevated j).
During partial melting of fertile upper mantle the incom-
patibilities of Th and U are broadly similar (Wood et al.,
1999; Landwehr et al., 2001) whereas Pb is assumed to be
somewhat more compatible in silicates (Hart and Gaetani,
2006). As such, maﬁc melts might possess elevated Th/Pb
and U/Pb ratios in comparison to the residual peridotite.
Given the unusually large range of 232Th/204Pb and
238U/204Pb in clinopyroxene recovered from SCLM
(Fig. 1) small-degree melting of lithospheric mantle may
be traceable by utilizing the 238U/204Pb (l), 232Th/204Pb
(x) and 232Th/238U (j) in these minerals.
The samples from the Middle Atlas presented here were
previously discussed strictly in the context of evaluating
methodological procedures and the Pb isotope and l, x
and j systematics of clinopyroxene–leachate pairs (Wittig
et al., 2009a). In this contribution, we present new clinopy-
roxene trace element abundances and Sr, Nd and Hf isotope
data and focus on the geological interpretation of the newU,
Th and Pb elemental data and 238U/204Pb, 232Th/204Pb
and 232Th/238U of these samples. We explore the potential
of Pb isotopes and elevated 238U/204Pb, 232Th/204Pb and
232Th/238U in (a) constraining the timing of SCLM metaso-
matism, (b) contemplating the prevalence and persistence
of high-l and high-x signatures in the SCLM and (c) show
the anticipated range ofl andx in basalticmelts if theMiddle
Atlas SCLM was to participate in mantle melting.2. ANALYTICAL METHODS
Trace element concentrations and Sr–Nd–Hf–Pb isotope
ratios were determined on primary chrome diopside
(>0.7 mm) in the ultra-clean laboratories at the Northern
Centre for Isotopic and Elemental Tracing (NCIET,
Department of Earth Sciences, Durham University) and
the Danish Lithosphere Centre (Copenhagen University).2.1. Removing the ubiquitous grain-boundary contamination
from mantle clinopyroxenes by HCl leaching
The grain-boundary contamination of mantle minerals
has been studied in detail by Bedini and Bodinier (1999)
andWittig et al. (2009a). Bedini andBodinier (1999) reported
extreme grain-boundary contamination of lithophile trace
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showed that up to 90% of the Pb associated with the clinopy-
roxene–leachate pairs are found on the grain surfaces andnot
in the crystal lattice and also illustrated the extreme variabil-
ity in crystal- and grain-boundary-hosted Pb isotopes,
238U/204Pb, 232Th/204Pb and 232Th/238U that is not due to
U, Th and Pb fractionation during HCl leaching. In fact,
the grain boundaries typically yield Pb isotopes akin to
anthropogenic Pb, which lies intermediate between the en-
riched mantle components (EM I and EM II, Wittig et al.,
2009a). For clinopyroxenes from a single websteritic sample
(GP101, Pearson and Nowell, 2004), which is used in Dur-
hamas an in-house clinopyroxene standard for lithophile iso-
topes (Pearson andNowell, 2004), leaching acids and crystals
also exhibit well correlated and yet highly variable Pb, Sr, Nd
and Hf isotopes (Wittig et al., 2009a).
For trace element and Pb–Sr isotope determinations, the
MiddleAtlas clinopyroxeneswere leachedwith ultra-pure re-
agents either (a) for 1 hwith cold 2NHCl andwere repeatedly
rinsed with 18.2 X MQ water (Milli-Q) or (b) for 1 h with
cold 2N HCl and repeatedly rinsed with MQ water followed
by an additional leaching step lasting for 2 h using hot 6N
HCl. The residue was then repeatedly rinsed withMQwater.
Replicate digestions from these two leaching procedures
show that Pb isotope ratios reproduce within the 100 ppmFig. 2. Reproducibility of Hf and Nd isotope replicate digestions of man
(in ppm) from the average value comparing Middle Atlas samples (open s
spectrometry standards JMC475 and J&M and “Axiom” and “Neptune”
respectively. Samples from the literature originate from the southern (S
black squares, ultra-depleted, Wittig et al., 2007), Jordan (grey squares, S
2006). GP101 is an in-house control clinopyroxene sample (open circle [H
was prepared and analysed together with the Middle Atlas samples. In con
Pyrenean Massif and Beni Bousera, which are marked by heterogeneous
2006; Shaw et al., 2007; Wittig et al., 2007) the samples from the Middleproposed by Baker et al. (2004) for Pb double-spike tech-
niques. This good agreement of Pb isotope ratios from two
diﬀerent leaching procedures highlights the validity of the
leaching procedures (Wittig et al., 2009a).
For Hf and Nd isotope determinations the leaching pro-
cedures recommended by Wittig et al. (2009a) were applied.
The Middle Atlas clinopyroxenes were washed in MQ water
in a heated ultrasonic bath for 1 h. After removing the MQ
water and rinsing of the crystals repeatedly, two leaching
steps with 2N HCl and 6N HCl (30 min at 120 C) were
performed. In between leaching steps, the crystals were
thoroughly rinsed (3) with MQ water. The excellent Nd
isotope reproducibility of replicate digestions of the Middle
Atlas clinopyroxenes (Fig. 2) shows that the leaching proce-
dures applied were suitable in removing the ubiquitous
grain-boundary contamination associated with mantle min-
erals. The leaching procedures used here do not result in
fractionation of parent and daughter elements (e.g. Lu from
Hf) during sample preparation (Wittig et al., 2009a).
2.2. Trace element determination of mantle clinopyroxenes
Analyses of Middle Atlas clinopyroxene separates were
performed on 10 mg aliquots. Following the removal of
the leaching acid, the minerals were repeatedly rinsed withtle clinopyroxenes shown as 176Hf/177Hf and 143Nd/144Nd deviation
quares) to literature data. Also shown are Hf and Nd isotope mass
denote the type of MC-ICP-MS used in Copenhagen and Durham,
FMC, black circle) and northern French Massif Central (NFMC,
haw et al., 2007) and the Pyrenean Massif (PM, grey circle, Wittig
f] and bar [Nd]) from Beni Bousera (Pearson and Nowell, 2004) that
trast to the clinopyroxenes from the French Massif Central, Jordan,
Hf concentrations and isotopes (Pearson and Nowell, 2004; Wittig
Atlas appear to be isotopically homogeneous.
Table 1
Trace element abundances (ppm) of Middle Atlas mantle clinopyroxenes.
Atl-3A Atl-3B Atl-3C Atl-3E Atl-3F Atl-3I Atl-3K Atl-3L Atl-3T Atl-3U Atl-3V GP101 RSD% W2 RSD% BHVO1 RSD% AGV-1 RSD% BE-N RSD% BIR-1 RSD% NBS688 RSD%
Parts per million
Rb 0.065 0.013 0.005 0.040 0.025 0.006 0.004 0.019 0.032 0.143 0.062 0.0407 4.83 19.7 1.24 9.35 2.78 66.1 2.24 47.3 0.16 0.245 4.34 1.96 0.43
Ba 0.648 0.384 0.275 0.372 0.488 0.131 0.112 1.44 0.558 1.47 0.712 0.179 1.16 176 0.66 137 0.43 1226 0.70 1053 0.49 7.57 2.22 173 0.01
Th 0.290 1.47 1.43 1.19 0.892 0.254 0.704 1.23 2.217 1.20 0.181 0.201 1.46 2.23 1.16 1.25 0.17 6.42 0.07 11.0 1.66 0.0355 1.99 0.338 1.05
U 0.065 0.340 0.318 0.247 0.229 0.053 0.139 0.226 0.376 0.249 0.030 0.0609 1.26 0.499 1.84 0.416 0.85 1.91 1.15 2.46 1.53 0.0130 0.03 0.270 2.62
Nb 0.399 2.04 0.188 0.281 0.512 0.584 0.232 1.60 6.34 3.02 4.03 0.288 1.31 7.63 1.59 19.3 1.00 14.4 1.30 117 0.79 0.803 12.9 5.42 0.31
Ta 0.004 0.161 0.012 0.011 0.021 0.085 0.013 0.178 0.339 0.185 0.232 0.0478 1.12 0.494 1.20 1.26 1.01 0.922 0.77 6.20 1.04 0.0555 3.82 0.392 2.53
La 6.4 22.6 8.47 8.83 8.46 5.4 8.98 11.33 24.1 9.31 6.0 1.32 1.04 10.6 0.70 15.4 0.29 38.1 0.10 82.6 0.73 0.639 0.89 5.19 0.30
Ce 17.7 68.7 13.2 12.6 7.2 15.5 20.2 27.5 80.2 19.0 21.7 3.29 1.00 22.8 0.63 37.4 0.46 67.3 0.49 151 0.38 1.94 0.44 11.8 0.45
Pr 2.21 8.90 1.26 1.24 0.657 2.46 2.32 3.82 12.19 2.50 3.64 0.454 1.26 3.14 0.94 5.63 0.98 8.86 1.46 18.4 0.70 0.399 0.89 1.86 0.50
Sr 151 299 80.2 87.0 107 160 128 137 398 118 130 37.90 0.83 201 0.57 405 0.44 655 0.64 1547 0.41 113 0.80 174 0.28
Nd 7.25 32.79 4.15 4.40 2.83 11.22 7.52 15.28 51.40 9.94 16.04 2.56 1.67 13.7 0.80 26.1 0.78 33.7 1.96 71.4 0.17 2.54 0.17 8.89 0.38
Pb 0.146 0.437 0.259 0.218 0.210 0.0730 0.179 0.266 0.445 0.208 0.0762 0.520 0.89 7.52 1.01 2.16 4.09 36.1 0.04 4.01 0.67 2.85 3.32 2.62 2.45
Zr 9.26 22.0 11.1 13.6 12.8 43.3 12.3 14.0 37.6 16.8 19.6 9.56 2.76 90.6 1.38 174 0.94 228 0.75 272 1.11 14.8 0.54 55.1 0.65
Hf 0.297 0.741 0.368 0.450 0.386 0.609 0.407 0.361 0.764 0.317 0.370 0.334 0.84 2.42 1.60 4.41 0.80 5.10 1.18 5.75 0.23 0.595 1.43 1.51 1.40
Sm 0.946 4.53 0.837 0.874 0.806 2.39 1.09 2.82 8.91 1.81 3.11 0.732 0.93 3.38 1.45 6.24 0.84 5.95 2.11 12.5 0.63 1.14 2.37 2.45 0.03
Eu 0.301 1.37 0.298 0.313 0.307 0.715 0.367 0.849 2.55 0.549 0.934 0.182 1.82 1.09 1.26 2.01 0.63 1.77 0.60 3.79 0.97 0.501 1.69 0.976 1.45
Gd 0.916 3.34 1.01 1.04 1.11 2.10 1.11 2.30 6.28 1.51 2.55 0.607 2.49 3.86 1.35 6.52 1.03 4.79 0.87 10.0 0.75 2.01 1.65 3.14 0.79
Tb 0.161 0.431 0.181 0.180 0.198 0.291 0.191 0.329 0.849 0.219 0.360 0.0939 1.69 0.643 1.73 0.981 0.94 0.679 0.10 1.33 0.80 0.407 2.43 0.552 0.38
Dy 1.05 2.80 1.16 1.11 1.30 1.53 1.21 1.77 4.49 1.22 1.97 0.562 1.30 3.83 1.15 5.31 1.12 3.48 0.49 6.36 1.27 2.54 1.39 3.31 1.96
Ho 0.229 0.547 0.252 0.237 0.282 0.286 0.263 0.341 0.834 0.238 0.385 0.120 1.36 0.796 0.74 0.993 0.36 0.684 0.52 1.11 0.51 0.575 1.11 0.749 0.28
Y 6.53 14.8 7.33 6.64 8.28 8.96 7.21 8.96 29.9 6.68 11.0 3.45 1.69 22.3 1.14 27.3 1.07 20.1 0.05 30.5 0.42 16.9 0.64 21.4 0.66
Er 0.628 1.56 0.700 0.648 0.776 0.692 0.725 0.857 2.07 0.606 0.981 0.319 1.43 2.14 1.00 2.42 1.14 1.76 0.72 2.50 1.30 1.64 1.90 2.10 0.34
Tm 0.0975 0.210 0.110 0.0981 0.119 0.0991 0.110 0.126 0.305 0.0919 0.143 0.0514 1.52 0.331 1.62 0.344 3.29 0.269 0.79 0.329 0.22 0.259 2.18 0.336 1.68
Yb 0.588 1.50 0.674 0.599 0.718 0.569 0.668 0.752 1.80 0.560 0.871 0.297 1.10 2.08 1.66 2.04 1.32 1.68 3.96 1.88 1.32 1.69 0.71 2.12 0.63
Lu 0.0940 0.199 0.107 0.0943 0.114 0.088 0.105 0.117 0.199 0.088 0.135 0.0458 0.96 0.337 1.21 0.306 1.16 0.270 3.14 0.279 3.30 0.281 0.50 0.350 0.40
Th/U 4.46 4.33 4.50 4.80 3.90 4.83 5.06 5.45 5.90 4.84 6.07 — — — — — — — — — — — — — —
Nd/Pb 49.6 74.9 16.0 20.2 13.5 153.8 42.0 57.5 115.6 47.9 210.5 — — — — — — — — — — — — — —
Lu/Hf 0.32 0.27 0.29 0.21 0.29 0.14 0.26 0.32 0.26 0.28 0.37 — — — — — — — — — — — — — —
Sm/Nd 0.13 0.14 0.20 0.20 0.28 0.21 0.14 0.18 0.17 0.18 0.19 — — — — — — — — — — — — — —
Rb/Sr 0.00043 0.000044 0.000061 0.00046 0.00023 0.000038 0.000028 0.00014 0.000080 0.0012 0.00048 — — — — — — — — — — — — — —
primitive mantle-normalized
[U/Nb]N 5.0 5.1 51.4 26.8 13.6 2.7 18.3 4.3 1.8 2.5 0.2 — — — — — — — — — — — — — —
[Zr/Hf]N 0.9 0.8 0.8 0.8 0.9 2.0 0.8 1.1 1.4 1.5 1.5 — — — — — — — — — — — — — —
[Lu/Hf]N 0.8 0.9 0.8 1.1 0.8 1.7 0.9 0.7 0.9 0.9 0.7 — — — — — — — — — — — — — —
Notes: Primitive mantle after Sun and McDonough (1989). Average values and RSD% of international standard reference material (n = 2, except W2 n = 8) run together with the Middle Atlas
clinopyroxenes are also given. Average values and RSD% of the Durham in-house lithophile isotope clinopyroxene standard GP101 result from one digestion and 3 analyses. U, Th and Pb of the
Middle Atlas clinopyroxenes are taken from Wittig et al. (2009a).
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and 12N HCl until the residue was in complete solution uti-
lizing ultra-pure reagents and procedures of Ottley et al.
(2003). All trace element abundances were blank-corrected.
The reproducibility of the international standard material
(BHVO1 [n = 2], W2 [n = 8], BE-N [n = 2], BIR-1 [n = 2],
AGV-1 [n = 2], NBS688 [n = 2]) and the in-house mantle
clinopyroxene standard GP101 that were run together with
the Atlas clinopyroxenes is better than 5% for all trace ele-
ments reported in Table 1 and in excellent agreement with
accepted values.
Malarkey et al. (2008) have highlighted substantial trace
element abundance variability of primary clinopyroxenes
on thin-section-scale (e.g., 134–300 ppm Sr) in samples
Atl-3V and Atl-3U that is independent of the textural
occurrence of these minerals. This data was prepared using
highly accurate and precise micro-milling techniques devel-
oped by Charlier et al. (2006) and Harlou et al. (2009). Sr
isotope systematics from the same Middle Atlas clinopyrox-
enes are relatively homogenous and in agreement with the
results of this study (Malarkey et al., 2008). This trace ele-
ment variability has been conﬁrmed by initial laser-ablation
inductively coupled plasma mass spectrometry (ICP-MS)
measurements of a sub-set of Middle Atlas xenoliths
(Wittig, 2006). The reported trace element heterogeneity
of the studied clinopyroxenes is the rational for this study
to prepare trace element measurements from bulk clinopy-
roxene separates via solution ICP-MS in order to achieve
robust and representative trace element budgets hosted in
primary clinopyroxenes that can be used in the melt model-
ing. The reproducibility of Atlas clinopyroxene replicate
digestions (n = 2) for U/Pb, Th/Pb and Th/U is <0.9%,
1.8% and 1.3% (Wittig et al., 2009a).
2.3. Chemical separation and analysis of Nd and Hf isotopes
of mantle clinopyroxenes
Hf and Nd isotope data have been prepared in the ultra-
clean Arthur Holmes Isotope Geology Laboratory at Dur-
ham University using ﬂux fusion methods similar to those
described by Bizzarro et al. (2003), Ulfbeck et al. (2003)
and Wittig et al. (2007). After leaching approximately
100 mg of carefully hand-picked clinopyroxenes were dried
and sandwiched between two layers of 170 mg of ultra-
pure LiBO2 in pre-ignited high-purity graphite crucibles
(0.6 mL). The samples were then fused at 1100 C in a fur-
nace and the molten samples were poured into 22 mL Savil-
lex Teﬂon vials containing 15 mL of Teﬂon distilled 2N
HCl. The samples were heated and agitated to facilitate dis-
solution of the glass pellets in the 2N HCl. Once the sam-
ples were completely dissolved, the solutions were loaded
through ﬁlter paper onto Biorad 15 mL columns containing
AG50Wx8 cation exchange resin. The sample matrix was
eluted using 12 mL 1N HCl and 2N HCl, respectively. Hf
was collected in 15 mL of 2N HNO3 and evaporated,
whereas Nd was eluted using 20 mL of 6N HCl. The Nd
cut was also evaporated, ﬂuxed with three drops of 16N
HNO3 and taken up in 3% HNO3 for mass spectrometry.
The Hf cut was taken up in 1 mL of 1N HCl and reloaded
on a second set of Biorad columns with AG50Wx8 cationexchange resin. The loading solution and 3 mL of 1N
HCl/1N HF was collected and dried down before the sam-
ples were ﬂuxed with three drops of 16N HNO3 and taken
up in 0.5 mL of a 3% HNO3/HF mixture (9.5:0.5) for mass
spectrometry.
Hf and Nd isotope measurements were performed using
a Thermo Finnigan Neptune multi-collector ICP-MS at
NCIET in Durham. Details of mass spectrometry proce-
dures are given in Pearson and Nowell (2004) and Nowell
et al. (2003). Hf standard JMC475 (n = 13) was analyzed
together with the Middle Atlas clinopyroxenes in two ses-
sions and yielded an average 176Hf/177Hf = 0.282147 ± 11
(2r) resulting in a reproducibility of 38 ppm (Fig. 2).
For Nd isotope measurements, pure and Sm-doped J&M
standard solutions (total n = 51) were run in ﬁve sessions.
The average 143Nd/144Nd was 0.511109 ± 12 (2r) resulting
in a reproducibility of 24 ppm (Fig. 2). These results for
JMC475 and J&M are in excellent agreement with pub-
lished values (e.g., Nowell et al., 2003; Pearson and Nowell,
2004). Hf and Nd blanks were <100 pg. We also performed
replicate digestions of the websteritic in-house “control”
mantle clinopyroxene GP101 (Pearson and Nowell, 2004).
These digestions yielded a mean 176Hf/177Hf and 143Nd/
144Nd of 0.282547 ± 4 and 0.512207 ± 2 resulting in an
excellent Hf and Nd isotope reproducibility of 32 and 122
ppm (n = 11, n = 8), respectively, compared to previously
published data from mantle clinopyroxene, particularly
for 143Nd/144Nd (Fig. 2). Replicate digestions of Middle
Atlas clinopyroxene for Pb–Nd–Hf isotope analyses (see
Section 2.4 and Wittig et al., 2009a) indicate that leaching,
digestion and mass spectrometry procedures were adequate.
These data also strongly suggests that this mantle clinopy-
roxene population, despite showing highly variable trace
element abundances (Malarkey et al., 2008) is marked by
limited variability in Hf and Nd isotopes (this study,
Table 2).
2.4. Chemical separation and analysis of Sr and Pb isotopes
of mantle clinopyroxenes
Approximately 100 mg of hand-picked clinopyroxene
were digested in the ultra-clean laboratory of the Danish
Lithosphere Centre at Copenhagen University. The leach-
ing acid was removed by pipetting and the minerals were
repeatedly rinsed with MQ water before ultra-pure 29N
HF/16N HNO3 and 7N HCl were used to digest the miner-
als. Pb was separated from major and trace elements by a
double-pass anion exchange procedure (Baker et al.,
2004). Chemical separation of Pb was carried out on acid-
leached single-use polypropylene pipette tips (1 mL volume)
as mini-columns using approximately 5 mm of AG-50-W-
x8 100–200 mesh anion exchange resin. The sample matrix,
including Sr, was eluted with three reservoirs of 1N HBr be-
fore Pb was collected in 7N HCl. Total procedural Pb
blanks recorded during the course of 2 years are generally
4 pg and never exceeded 12 pg. This is regarded as insig-
niﬁcant, even when the low Pb abundances of mantle clino-
pyroxene are considered. The reproducibility of the
international Pb isotope standard SRM 981 is 89, 96 and
97 ppm for 206Pb/204Pb (16.9405 ± 0.0027), 207Pb/204Pb
Table 2
Rb–Sr, Sm–Nd and Lu–Hf isotope data of Middle Atlas mantle clinopyroxenes.
87Rb/86Sr 87Sr/86Sr 2se 147Sm/144Nd 143Nd/144Nd 2se eNd 176Lu/177Hf 176Hf/177Hf 2se eHf DeHf
Atl-3A 0.0013 0.703350 ±9 0.081 0.512861 ±10 +4.4 0.0450 0.283181 ±10 +14.5 +6.9
Atl-3A — — — — 0.512863 ±6 +4.4 — — — — —
Atl-3B 0.00013 0.703400 ±9 0.085 0.512812 ±12 +3.4 0.0382 0.283263 ±6 +17.4 +11.1
Atl-3C 0.00018 0.70330 ±1 0.124 0.512902 ±4 +5.1 0.0414 0.283295 ±14 +18.5 +9.9
Atl-3C — — — — 0.512915 ±6 +5.4 — — — — —
Atl-3C — — — — 0.512900 ±6 +5.1 — — — — —
Atl-3E 0.0013 0.70324 ±2 0.122 0.512922 ±6 +5.5 0.0298 0.283061 ±24 +10.2 +1.1
Atl-3E — 0.70324 ±1 — 0.512921 ±8 +5.5 — — — — —
Atl-3E — — — — 0.512923 ±16 +5.6 — — — — —
Atl-3E — — — — 0.512918 ±6 +5.5 — — — — —
Atl-3F 0.0067 0.70317 ±3 0.176 0.513018 ±8 +7.4 0.0419 0.283206 ±22 +15.3 +3.6
Atl-3F — 0.70323 ±1 — — — — — — — —
Atl-3I 0.0001 0.70333 ±1 0.131 0.512839 ±8 +3.9 0.0204 0.283200 ±26 +15.1 +8.2
Atl-3K 0.0001 0.70337 ±1 0.089 0.512864 ±6 +4.4 0.0368 0.283097 ±6 +11.5 +3.9
Atl-3K — — — — 0.512863 ±8 +4.4 — 0.283081 ±18 +10.9 +3.3
Atl-3K — — — — 0.512873 ±10 +4.6 — — — — —
Atl-3L 0.0004 0.70340 ±1 0.114 0.512820 ±6 +3.6 0.0461 0.283296 ±2 +18.5 +12.1
Atl-3L — — — — 0.512834 ±6 +3.8 — — — — —
Atl-3T 0.0002 0.70339 ±1 0.107 0.512813 ±4 +3.4 0.0370 0.283297 ±12 +18.6 +12.3
Atl-3U 0.0035 0.70338 ±8 0.112 0.512839 ±6 +3.9 — — — — —
Atl-3U — — — — 0.512848 ±10 +4.1 — — — — —
Atl-3V 0.0014 0.70340 ±1 0.120 0.512828 ±6 +3.7 0.0520 0.283175 ±4 +14.3 +7.6
In-house clinopyroxene standard
GP101 0.0080 0.70854 ±1 0.173 0.512207 ±2 8.4 0.0193 0.282547 ±4 8.0 0.0
Notes: eHf and eNd are calculated as the part per 10,000 deviation from present-day Bulk Earth values (Blichert-Toft and Albarede, 1997;
Jacobsen and Wasserburg, 1980). DeHf = eHf  (1.36  eNd + 1.63) after Johnson and Beard (1993). Parent-isotope ratios were calculated
using elemental concentrations given in Table 1. Mean values of replicate digestions of the in-house clinopyroxene standard GP101 for Sr–Hf–
Nd isotope ratios are also given (n = 2, n = 11, n = 8, ±2 S.D.).
Fig. 3. Primitive-mantle-normalized (Sun and McDonough, 1989) multi-element patterns for clinopyroxenes from spinel-facies Middle Atlas
peridotite xenoliths.
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Fig. 4. Plot of eNd versus 87Sr/86Sr (a) and eHf versus eNd (b)
comparing the Middle Atlas SCLM clinopyroxenes (black circles)
to the MORB and HIMU endmember (black squares) in addition
to mantle clinopyroxene from the literature (open circles, Bizimis
et al., 2003; Shaw et al., 2007; Wittig, 2006; Wittig et al., 2007). 2r
analytical uncertainties are smaller than the symbol size. The
mantle array in (b) (present-day and ±10 epsilon units) and eHf are
calculated after Johnson and Beard (1993), while eNd is calculated
after Blichert-Toft and Albarede (1997). Also shown is the
composition of the Middle Atlas SCLM clinopyroxenes 200 Ma
(grey circles) connected by dashed tie-lines to the corresponding
present-day composition. The back-modelled Sr–Nd–Hf isotope
composition at the time of eruption (2 Ma) and 20 Ma cannot be
visually resolved from the present-day composition. Also shown is
the ﬁeld for the Sr–Nd isotope composition of the Middle Atlas
host volcanic rocks (Duggen et al., 2009).
1424 N. Wittig et al. /Geochimica et Cosmochimica Acta 74 (2010) 1417–1435(15.4986 ± 0.0030) and 208Pb/204Pb (36.7229, ±0.0039, 2r,
n = 15). Internal precision for 206Pb/204Pb, 207Pb/204Pb
and 208Pb/204Pb of Middle Atlas mantle clinopyroxene is
<±0.002 2se, ±0.003 2se and ±0.005 2se, respectively,
and result in typical double-spike reproducibility
(206Pb/204Pb < 100ppm, see Baker et al., 2004; Wittig
et al. 2009a). Sr was further puriﬁed by evaporating the
HBr and dissolving the residue in 3N HNO3 before this
solution was loaded onto mini-columns ﬁlled with 5 mm
Sr-spec resin. Three reservoirs of 3N HNO3 were eluted be-
fore Sr was collected in three reservoirs of MQ water. The
Sr-containing MQ water cut was dried down and analyzed
by thermal ionization mass spectrometry at the Geological
Institute, Copenhagen University.
3. SAMPLES AND RESULTS
This study investigates a suite of peridotite clinopyrox-
ene separates from spinel-facies peridotite xenoliths
(n = 11) erupted by the Quaternary intra-plate volcanism
of the Middle Atlas, Morocco. In general, all samples are
porphyroblastic and contain melt pockets that sometimes
host minor amounts of relict amphibole and/or spinel
(Wittig, 2006). Olivine and clinopyroxene modal abundance
(56–90% and 2–23%, respectively), Sc-V and MgO-FeO sys-
tematics suggests a variable SCLM composition beneath
the Middle Atlas. The samples are more fertile than primi-
tive mantle (PRIMA) with a sub-fraction recording spinel-
facies depletion up to 25 to 30% at 2 GPa. Whole rock Os
isotope systematics vary between cOs = +1.8 and 6.7,
whereas PGE (platinum-group element) abundances are
marked by Pd-enrichment (Wittig et al., 2008, in press).
Al2O3 in whole-rocks correlates with Os isotopes; and also
Ir, Cu and MgO abundances but these element-element
trends deviate from the compositions anticipated for resid-
ual mantle. The major element, PGE and Os isotope sys-
tematics indicate that modal metasomatism due to the
percolation of maﬁc silicate melts eﬀected this continental
root and resulted in the coupled introduction of sulphides
and a Al-bearing mineral such as amphibole and/or spinel
and clinopyroxene. Consequently, this suite of xenoliths
does not preserve information on the age of pristine mantle
depletion (Wittig et al., 2008, in press).
Lithophile trace element concentrations in clinopyrox-
enes are generally enriched relative to PRIMA and marked
by comparatively low high-ﬁeld strength element abun-
dances and fractionated elemental ratios such as U/Nb,
Zr/Hf (Table 1 and Fig. 3). Sr, Nd and Hf isotopes are typ-
ical for mantle clinopyroxene (87Sr/86Sr = 0.7031–0.7034,
eNd = +3.4 to +7.4, eHf = +10 to +19) and are tightly
associated with the mantle array (Table 2, Fig. 4). There
is no correlation of 87Rb/86Sr, 147Sm/144Nd and 176Lu/177Hf
with 87Sr/86Sr, 143Nd/144Nd and 176Hf/177Hf (not shown)
and the isotopes ratios are within the range anticipated
from Bulk Earth and depleted MORB-mantle. In compar-
ison to the host volcanic rocks (Duggen et al., 2009) the
mantle clinopyroxenes exhibit similar Sr but more radio-
genic Nd isotopes (Fig. 4).
The investigated clinopyroxenes have U, Th and Pb
abundances ranging between 0.03 and 0.38 ppm, 0.18 and2.2 ppm and 0.07 and 0.45 ppm, respectively (Table 1,
Wittig et al., 2009a). Apart from Atl-3A, Atl-3I, Atl-3V
the majority of clinopyroxenes have U and Th abundances
that are equal to, or up to 6 times higher than those of
estimated PRIMA clinopyroxene (U  0.08 ppm, Th 
0.39 ppm; Fig. 5).
Pb isotope ratios of these clinopyroxenes are radiogenic
(206Pb/204Pb = 19.93–20.25, 207Pb/204Pb = 15.63–15.66 and
208Pb/204Pb = 39.72–40.23; Table 3, Fig. 1 and 6). In compar-
ison to clinopyroxenes from other SCLM, the Pb isotope ra-
tios of the Atlas clinopyroxenes show a remarkably small
variation. For example, we have calculated “206Pb/204Pb
indices” similar to DSr devised by Davidson et al. (2005), by
subtracting the solar system initial 206Pb/204Pb (9.307;
Fig. 5. Th versus U concentrations (ppm) of clinopyroxenes from
the Middle Atlas SCLM with respect to estimates of Primitive
Mantle (PRIMA, Sun and McDonough, 1989). Also shown are the
calculated compositions of PRIMA clinopyroxene and orthopy-
roxene using modal abundances taken from Walter (2003) and
partition coeﬃcients from Witt-Eickschen and O’Neill (2005).
Most clinopyroxenes are distinctly more enriched than PRIMA
clinopyroxene, and U and Th enrichment appears coupled resulting
in a positive correlation (linear model, R2 = 0.94).
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206Pb/204Pb for normalization purposes. Then the least
radiogenic 206Pb/204Pb is subtracted from the most radio-
genic 206Pb/204Pb. For the suite of Middle Atlas clinopyrox-
enes the most radiogenic sample is Atl-3K
(206Pb/204Pb  20.25) from which the 206Pb/204Pb of sampleTable 3
Pb isotope data and l, x and j of clinopyroxene separates from Middle
206Pb/204Pb 2 se 207Pb/204Pb 2 se 208Pb/204Pb
Atl-3A 20.089 ±2 15.635 ±2 39.966
Atl-3A 20.093 ±1 15.638 ±2 39.977
Atl-3B 20.176 ±2 15.643 ±2 40.049
Atl-3B 20.1745 ±7 15.644 ±1 40.058
Atl-3C 20.1763 ±8 15.640 ±1 40.075
Atl-3E 20.1060 ±7 15.635 ±1 40.003
Atl-3E 20.1114 ±9 15.636 ±1 40.011
Atl-3F 19.9774 ±9 15.629 ±1 39.828
Atl-3F 19.9793 ±7 15.629 ±1 39.831
Atl-3I 19.933 ±2 15.632 ±3 39.718
Atl-3K 20.2499 ±8 15.657 ±1 40.173
Atl-3L 20.1831 ±8 15.644 ±1 40.083
Atl-3T 20.2456 ±8 15.652 ±1 40.226
Atl-3U 20.213 ±1 15.642 ±2 40.126
Atl-3U 20.2166 ±8 15.643 ±1 40.134
Atl-3V 20.104 ±2 15.639 ±3 39.937
In-house clinopyroxene standard
GP101 18.6055 ±1 15.680 ±1 39.239
Notes: D7/4 and D8/4 taken from Hart, 1984. In-house clinopyroxene stAtl-3I (206Pb/204Pb  19.93) is subtracted yielding the fol-
lowing equation:
206Pb/204Pb index Middle Atlas = (20.25  9.307) 
(19.93  9.307) = 0.3.
The oﬀ-cratonic French Massif Central, the orogenic
peridotite Pyrenean Massif and cratonic xenoliths from
the Tanzanian craton host clinopyroxenes that have dis-
tinctly more variable Pb isotopes with “206Pb/204Pb indices”
of 2.7, 2.6 and 4.9. The combination of radiogenic Pb and
generally positive D8/4 (deviation from the Northern Hemi-
sphere Reference Line, NHRL, Hart 1984) renders the
Middle Atlas mantle clinopyroxenes dissimilar to oceanic
basalts, and also most SCLM minerals (Fig. 1).
The samples have unusually high 238U/204Pb (l, 26–81),
232Th/204Pb (x, 136–399) and 232Th/238U (j, >4.5) with re-
spect to estimates of DMM- and HIMU-mantle (Table 3
and Fig. 6). The Quaternary volcanic rocks from the Mid-
dle Atlas that host the mantle xenoliths have distinctly dif-
ferent, and generally less radiogenic Pb and lower l, x and
j as compared to the data for the mantle clinopyroxenes
presented here (Figs. 1, 6 and 7; Duggen et al., 2009).
4. DISCUSSION
4.1. Evidence for carbonatite metasomatism in Middle Atlas
clinopyroxene
The Middle Atlas clinopyroxenes have Lu, Zr and
Hf abundances that result in variable and fractionated
[Lu/Hf]N and [Zr/Hf]N ratios (PRIMA-normalized after
Sun and McDonough, 1989) that range between 0.8 toAtlas mantle xenoliths.
2 se D7/4 D8/4 238U/204Pb 232Th/238U 232Th/204Pb
l j x
±3 3.4 5.1 29.5 4.61 136
±3 3.1 5.7 — — —
±3 3.5 2.9 51.6 4.47 231
±1 3.4 4.0 — — —
±2 3.8 5.5 80.8 4.65 375
±1 3.5 6.8 75.2 4.96 373
±2 3.5 6.9 — — —
±2 2.8 4.8 72.1 4.03 290
±1 2.7 4.9 — — —
±5 2.0 0.9 47.5 4.99 237
±2 2.9 6.4 51.7 5.23 271
±2 3.5 5.5 56.6 5.63 319
±2 3.4 12.2 56.3 6.10 343
±2 4.0 6.2 79.7 5.00 399
±2 3.9 6.5 — — —
±4 3.2 0.5 26.0 6.27 163
±3 17.2 111.8 10.9 3.42 37.2
andard GP101 taken from Wittig et al. (2009a).
Fig. 6. 207Pb/204Pb (a) and 208Pb/204Pb (b) versus 206Pb/204Pb
showing the Middle Atlas mantle clinopyroxene (black circles)
together with their host intra-plate volcanic rocks (black squares,
Duggen et al., 2009) that erupted 2 Ma (El Azzouzi et al., 1999).
The Pb isotope systematics of the age-corrected samples (open
symbols) shows that the currently observed radiogenic Pb of the
clinopyroxenes cannot result from interaction with the erupted host
volcanic rocks. NHRL denotes the Northern Hemisphere Refer-
ence Line after Hart (1984).
Fig. 7. Panel (a) shows 206Pb/204Pb versus 238U/204Pb, while (b)
and (c) show 208Pb/204Pb versus 232Th/204Pb and 208Pb/204Pb versus
232Th/238U illustrating the highly elevated parent isotope ratios of
the Middle Atlas mantle clinopyroxenes (black circles). These
clinopyroxenes exceed estimates for DMM- and HIMU-mantle
(black squares, Galer and O’Nions, 1985; Thirlwall, 1997) and
basanitic host volcanic rocks (volc; Duggen et al., 2009).
1426 N. Wittig et al. /Geochimica et Cosmochimica Acta 74 (2010) 1417–14351.7 and 0.8 to 2.0, respectively. These elements are assumed
to be among the more resilient elements towards metaso-
matic enrichment in the SCLM. The Lu/Hf range is only
consistent with up to 5% spinel-facies melting (Wittig
et al., 2007). Notably, if the least incompatible and rela-
tively immobile rare earth element, Lu, is considered alone,
it appears that only one sample (Atl-3I) preserves a record
of shallow melting to the extent of 20%. This suggests that
Hf abundances, and all elements more incompatible and/or
mobile than Lu, are substantially enriched despite the neg-
ative Nb–Ta and Zr–Hf anomalies exhibited by these clin-
opyroxenes when normalized to primitive mantle (Fig. 3).
The high-ﬁeld strength element depletions and the fraction-
ation of elements with similar incompatibility during melt-
ing and metasomatism (e.g. [U/Nb]N, [Nd/Pb]N, [Zr/Hf]N,
Table 1 and Fig. 3) exhibited by these clinopyroxenes gen-
erally excludes generic basaltic intra-plate melts as well as
the host volcanic rocks (Duggen et al., 2009) as the metaso-
matic agent. Importantly, carbonatites may have extremely
variable ratios of these elements (e.g. [U/Nb]N = 0.4–81,
[Nd/Pb]N = 0.01–5.0, [Zr/Hf]N = 0.08–2.3, Bell and Tilton,
2001).Further information regarding the type of metasomatic
agent that has inﬂuenced the mantle clinopyroxenes can be
derived from U, Th and Pb elemental systematics and
their Pb isotopes, l, x and j. Volcanic rocks derived from
melting of oceanic mantle have a restricted range of
232Th/238U (j) between 2.5 in depleted samples and up
to 3.4 in BSE. The partitioning behavior of Th and U into
the clinopyroxene crystal lattice is nearly identical (Wood
et al., 1999; Landwehr et al., 2001) and therefore metaso-
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melts and particularly the host volcanic rocks through the
Middle Atlas SCLM can be excluded due to the lower
232Th/238U of these maﬁc lavas relative to the clinopyrox-
enes (Fig. 7). Elemental ratios of Th and U can also
distinguish carbonatitic and hydrous ﬂuids. Typical sub-
duction zone ﬂuids are anticipated to have low Th abun-
dances relative to U and Pb (Bailey and Ragnarsdottir,
1994) thus yielding low 232Th/238U and 232Th/204Pb. Car-
bonatites have highly variable and often elevated l, x
and j (Bell and Tilton, 2001). For example, although
238U/204Pb, 232Th/204Pb and 232Th/238U data in carbona-
tites are not abundant (n = 35), these ratios vary between
0.3 to 40, 0.3 to 347 and 0.6 to 77, respectively (Bell and
Tilton, 2001). Therefore, the very high Th abundances and
232Th/238U of the Middle Atlas clinopyroxenes render hy-
drous ﬂuids as an unlikely metasomatic agent for generat-
ing the most recent enrichment recorded by these
clinopyroxenes. These Th and U abundances and
238U/204Pb, 232Th/204Pb and 232Th/238U ratios also con-
ﬁrm that the metasomatic agent causing the enrichment
of the Middle Atlas SCLM had considerably more vari-
able trace element systematics than putative maﬁc silicate
melts, and that the metasomatic agent may have been
carbonatitic liquids. Considering the record of metaso-
matic enrichment evident in the lithophile trace element
systematics of these clinopyroxenes, the Pb, Sr, Nd and
Hf isotopes are extremely unlikely to yield information
regarding the timing of mantle melting.
In the case of the Middle Atlas SCLM at least two dis-
tinct metasomatic events can now be distinguished. An ear-
lier enrichment due to the percolation of silicate melts
resulted in the precipitation of amphibole and/or clinopy-
roxene with spinel, elevated Pd abundances and high
Al2O3 that are coupled with radiogenic Os isotopes (Wittig
et al., in press). However, the observed lithophile trace ele-
ment systematics in the clinopyroxenes require later meta-
somatic enrichment due to the interaction with
carbonatitic ﬂuids.
4.2. The timing of metasomatism in the Middle Atlas SCLM
It is important to note that the high l, x and j of these
samples show no correlation with Pb isotopes and are dis-
tinct from typical source mantle of DMM and HIMU
(Fig. 7) and the host volcanic rocks from the Middle Atlas
(Duggen et al., 2009). The Pb isotope composition of the
SCLM clinopyroxenes and the host volcanic rocks do not
overlap within the past 2 Myr (Age of volcanism, El Azzou-
zi et al., 1999, Fig. 6). The knowledge of the Pb isotope ra-
tios and l, x and j systematics of the Atlas mantle
clinopyroxenes allows us to relate the evolution of Pb iso-
topes back in time to other volcanic activity in the region.
Below we explore the timing of the youngest metasomatic
event that led to the very high l, x and j of the Middle At-
las SCLM clinopyroxenes.
Little is known about the assembly of the continental
fragments in the Middle Atlas prior to or during the Vari-
scan. In principle, the metasomatic enrichment of the
SCLM beneath the Middle Atlas may have occurred atany time following the initial depletion and coupling of
the continental crust to the supporting continental mantle
root. Subsequent tectonic events are (a) the Triassic-Juras-
sic opening of the Atlantic basin, (b) the emplacement of
the Central Atlantic Magmatic Province (200 Ma, Knight
et al., 2004; Verati et al., 2005) and (c) the Cenozoic com-
mencement of the collision of the Eurasian and African
continental plates. The latter event resulted in the closure
and exhumation of the Atlas rift system (Gomez et al.,
1998; Ayarza et al., 2005), which could have aﬀected the
continental mantle roots substantially. Furthermore, alka-
line intra-plate volcanism occurred in the Middle Atlas
from the Miocene onwards (El Azzouzi et al., 1999),
whereas calc-alkaline volcanism signiﬁes subduction zone
activity (20 Ma) in the western Mediterranean (Duggen
et al., 2003, 2008) approximately 400 km to the North. As
such, a 200 Myr period during which the metasomatism
in the SCLM may have occurred is considered.
The low parent/daughter ratios 87Rb/86Sr, 147Sm/144Nd
and 176Lu/177Hf of the Middle Atlas clinopyroxenes result
in insigniﬁcant change of the corresponding isotope ratios
when these aremodeled 200 Myrback in time (Fig. 4). In con-
trast, modeling the Pb isotope ratios of representative Atlas
mantle clinopyroxene separates (Fig. 8a and b) back in time
shows the very rapid and relatively shallow evolution of these
samples in 207Pb/204Pb–208Pb/204Pb space as compared to
estimates of the NHRL at the respective times. A ﬁrst order
observation is that the Pb isotopes, when modeled back in
time, become less radiogenic than the initial Pb isotope esti-
mates of the solar system (Tatsumoto et al., 1973) after only
1.2–0.6 Gyr. This provides an obvious absolute maximum
age for the presence of the elevated l, x and j in these sam-
ples. In comparison to estimates of the NHRL 200 Ma,
207Pb/204Pb and 208Pb/204Pb of these clinopyroxenes are
strongly decoupled. 207Pb/204Pb remains somewhat associ-
ated with the back-modelled NHRL (D7/4200Ma = 1.3 to
+7.5) whereas 208Pb/204Pb lies markedly below the NHRL
(D8/4200Ma =  29 to137). This decoupling of 208Pb/204Pb
and 207Pb/204Pb stems from the extremely high Th abun-
dances in the SCLM clinopyroxenes that are considerably
higher than those of U. This leads tox that is markedly high-
er than l and hence very high j (>4.5). These elevated Th/U
ratios drive the back-modeled 208Pb/204Pb-206Pb/204Pb along
a considerably more vertical trend than theMORB and OIB
array (i.e. jNHRL = 3.4) (Fig. 8b). Thus, the decoupling of
208Pb/204Pb and 207Pb/204Pb in theMiddle Atlas clinopyrox-
enes do not seem to allow interaction with putative mantle-
derivedmelts formedat200 Ma.This strongly suggests that
the metasomatic enrichment responsible for the present-day
radiogenic Pb isotopes and elevated l, x and j of the Atlas
SCLM clinopyroxene occurred much more recently, and
does not result from the tectonic events associated with the
opening of the Atlantic. Notably, most clinopyroxenes have
207Pb/204Pb that is very close to the NHRL when they
are back-modeled for no longer than 20 Myr. This result
suggests that the SCLM has interacted with highly enriched,
carbonatitic liquids (see Section 4.1) that are possibly
associated with the maﬁc intra-plate volcanism, yet isotopi-
cally dissimilar to the regionally erupted intra-plate volcanic
rocks that host these mantle xenoliths.
Fig. 8. Evolution of 207Pb/204Pb (a, c) and 208Pb/204Pb (b, d) versus 206Pb/204Pb of representative Middle Atlas mantle clinopyroxene
separates (Atl-3A, Atl-3K, Atl-3T, Atl-3U) projected back- and forward in time (200 Myr, 25 Myr steps) using measured l and x to calculate
corresponding Pb isotope ratios. The NHRL is shown at its present-day composition and also projected back- and forward (200 Myr) using
adapted parameters from Thirlwall (1997) for depleted mantle. 238U and 232Th decay constants are taken from Steiger and Jager (1977) in
order to calculate Pb isotopes, l and x at the respective times. Also shown is the present-day, and forward modeled (t200 Myr) Pb isotope
composition of HIMU (c, d).
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clinopyroxenes
Very few studies have addressed Pb isotope systematics
and l, x and j in SCLM clinopyroxene (Galer and
O’Nions, 1985; Meijer et al., 1990; Tatsumoto et al.,
1992; Wittig et al., 2007, 2009a). However, these ratios
can be calculated for a number of additional SCLM por-
tions (Stolz and Davies, 1988; Pearson et al., 1993; Hauri
et al., 1994; Baker et al., 1998; Brandon et al., 1999; Muka-
sa and Shervais, 1999; Ionov et al., 2002; Witt-Eickschen
et al., 2003, Fig. 1; Becculuva et al., 2007; Shaw et al.,
2007). Several of these publications dealt with samples that
also have extreme l, x and j similar to the Middle Atlas
SCLM (e.g., Hoggar intra-plate volcanic ﬁeld, southern
French Massif Central, Becculuva et al., 2007; Wittig
et al., 2007). Therefore, we assume that the metasomatic
enrichment of the Middle Atlas lithosphere does not origi-
nate from a particularly unique process and similar enrich-
ment due to the percolation of highly enriched metasomatic
agents within the SCLM is relatively common. Allowing for
these very high 232Th/204Pb and 238U/204Pb ratios in SCLM
it seems remarkable that the overall Pb isotope range,
although more variable than that of the oceanic basaltswith respect to unradiogenic 206Pb/204Pb and elevated D7/4,
is otherwise generally associated with the ﬁeld of the con-
vecting mantle (Fig. 1).
Previously we have demonstrated that the Middle Atlas
clinopyroxenes have strongly decoupled and unrealistic D7/
4 and D8/4 systematics when modeled back in time
(20–200 Myr). Fig. 8c–d illustrates the reverse experiment
where samples Atl-3A, Atl-3K, Atl-3T Atl-3U are projected
forward in time (200 Myr). Similar to the back-modeled
evolution of these clinopyroxenes, Pb isotopes become
rapidly decoupled from the associated NHRL (200 Myr).
These compositions are very distinct from forward-
projected “classic” HIMU-mantle. This poses interesting
questions.
For example, why do a signiﬁcant portion of SCLMmin-
erals that have very high 232Th/204Pb and 238U/204Pb exhibit
Pb isotopes akin to the convecting mantle?Moreover, why is
there a general lack of very radiogenic, HIMU-like
206Pb/204Pb (>20.5) in the SCLMmineral record (Fig. 1). Gi-
ven that some SCLMportions were stabilized in theArchean
or Proterozoic, it should be expected that the evolution of Pb
isotopes of these samples would result in distinctly more
radiogenic Pb isotopes. Our measure of 206Pb/204Pb variabil-
ity, the “206Pb/204Pb indices” show that clinopyroxene suites
Fig. 9. Hypothetical evolution of DMM in 207Pb/204Pb–206Pb/204Pb (a) and 208Pb/204Pb-206Pb/204Pb (b) space. Present-day DMM is modeled
500 Myr back in time as indicated by the black arrow using l and x of 10 and 25 (small black square). This back-modeled DMM is then
forward-projected with l and x of 75 and 375 for 500 Myr, respectively, in order to simulate the Pb isotope evolution if high-l and high-x
clinopyroxenes, such as those from the Middle Atlas SCLM, were emplaced during metasomatism early in the Phanerozoic. The resulting Pb
isotope compositions deviate substantially from the present-day NHRL, DMM, HIMU, the SCLM ﬁeld and the MORB-OIB ﬁeld.
References for MORB-OIB (grey area) and SCLM ﬁelds (dashed outline) as well as the mantle endmembers are detailed in Fig. 1.
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er et al., 1989; Kramers et al., 1993; Carlson and Irving, 1994;
Carlson et al., 2004) vary only between 0.4 and 4.9. Post-
Archean SCLM hosts clinopyroxenes that result in
“206Pb/204Pb indices” between 0.3 and 3. It is evident that
potentially ancient SCLM has only moderately more diverse
Pb isotopes relative tomuchyounger SCLMandboth groups
have Pb isotopes generally akin to the convecting mantle.
Fig. 9 shows the Pb isotope evolution of hypothetical SCLM
mantle akin to present-day DMM. This SCLM is age-cor-
rected for 500 and 2800 Myr (not shown), and then for-
ward-projected with high 232Th/204Pb and 238U/204Pb Pb
(375 and 75, respectively) to the present-day, in order to sim-
ulate the eﬀect of metasomatism, such as that experienced by
the Middle Atlas peridotites, early in Earth’s history. Theresulting Pb isotope composition of the “Phanerozoic”mod-
el (208Pb/204Pb 45.7, 207Pb/204Pb 15.48 and 206Pb/204Pb
22.3, Fig. 9) is very diﬀerent to the present-day range of
MORB and OIB as well as SCLM. The “Archean” model
produces even more extreme 206Pb/204Pb and 208Pb/204Pb
of 26.7 and 78.0 (not shown), respectively, that have never
been observed in the convecting mantle.
There appears to be no evidence for diﬀerent metaso-
matic mechanisms in Archean/Proterozoic SCLM com-
pared with the Phanerozoic. In fact, the Sr–Nd–Hf isotope
record of minerals from Archean SCLM principally require
“normal” silicate-, hydrous, and/or carbonatitic metasoma-
tism (e.g., Carlson and Irving, 1994; Simon et al., 2007) as
proposed for the younger portions of continental and oce-
anic lithosphere (e.g., Lee et al., 1996; Downes, 2001; Ionov
Table 4
Initial modal composition and melting proportions of primitive
mantle used for melting calculations.
Starting modal proportions
Xolivine Xorthopyroxene Xclinopyroxene Xspinel
2 GPa 0.534 0.255 0.183 0.028
Melting proportions
Polivine Porthopyroxene Pclinopyroxene Pspinel
2 GPa 0.02 0.32 0.64 0.02
Table 5
Mineral/silicate melt partition coeﬃcients used for melting
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However, we emphasize that two distinct selection processes
might mask, or prevent, the observation of greater Pb iso-
tope variation in SCLM.
Firstly, precursor liquids of the intra-plate volcanism
might frequently “fertilize” the continental mantle roots
imposing enrichment along a network of veins that later
may be reactivated as pathways for asthenospheric melts
on their way to the surface (e.g., Pilet et al., 2002, 2004; Jung
et al., 2005). These passing melts could preferentially sample
the metasomatised peridotitic vein-wall rocks in the form of
xenoliths. Given that U, Th and Pb are among the least ro-
bust elements to the eﬀects of metasomatism, the elemental
and isotopic composition of the wall rocks would be eﬃ-
ciently modiﬁed. For example, we can assume the succession
of metasomatic events in the Middle Atlas would have been
reversed. Extreme carbonatitic ﬂuids percolated the SCLM
ﬁrst and imparted the high 232Th/238U, 232Th/204Pb and
238U/204Pb onto the clinopyroxenes. Then a later, subsequent
passing of asthenospheric maﬁc silicate melts (or carbona-
tites with conventional l, x and j) would have reset the ele-
vated carbonatitic l, x and j in this SCLM portion to the
approximate values anticipated from the convecting mantle.
These areas of the SCLM would than evolve parallel to the
convecting mantle and never exhibit the extreme Pb isotope
compositions modeled in Fig. 9. Considering that SCLM
xenoliths are typically sampled by maﬁc silicate melts, that
may metasomatise the SCLM during their ascent, the
likelihood of sampling xenoliths with “asthenospheric” Pb
isotopes and 232Th/238U, 232Th/204Pb and 238U/204Pb sys-
tematics is very high. Importantly, it is diﬃcult to anticipate
the composition of SCLM distal from the volcanic centres,
which escape metasomatism and sampling.
Secondly, further potential bias occurs when samples are
chosen for isotopic analysis. Here, samples with high abun-
dances of clinopyroxene are often preferred over more
depleted, harzburgitic samples (i.e. less aﬀected by metaso-
matism). This may enhance the sampling of variably meta-
somatised, but in terms of Pb isotopes “normal” SCLM
clinopyroxenes. Therefore, Pb isotopes and systematics of
SCLM clinopyroxenes might be considered as frequently
reset, possibly during every tectonic/metasomatic event that
allows silicate melts to percolate the SCLM, otherwise the
asthenospheric Pb isotope record of the global SCLM data
is diﬃcult to envision and more extreme Pb isotope ratios
as proposed in Fig. 9 should be more prevalent. However,
apart from the “asthenospheric” Pb isotope record in
SCLM minerals, the corresponding l, x and j systematics
are often distinct from the global record (Fig. 1). In the fol-
lowing section, we present a simple numerical model to
show the range of l and x of basaltic melts that may be
generated from fertile SCLM such as the Middle Atlas con-
tinental mantle root.calculations.
U Th Pb
Mineral/basaltic melt partition coeﬃcients
Olivine 0.000018 0.000012 0
Orthopyroxene 0.0057 0.0022 0.2
Clinopyroxene 0.0170 0.022 0.2
Spinel 0 0 04.4. Putative basaltic melts generated from high l–high x
SCLM clinopyroxenes
The Middle Atlas SCLM has a relatively fertile compo-
sition with high modal abundance of clinopyroxene (up to
23%, Wittig et al., in press). It could therefore act as apotential magma source as evidenced by the melt pockets
found in some of these xenoliths. It is interesting to contem-
plate the l and x composition of these SCLM melts given
the very high nature of these elemental ratios in the source
clinopyroxenes. We present a melting model that is based
on the non-modal fractional partial melting equations of
Shaw (1970). Starting modal composition and melting pro-
portions were taken from Wittig et al. (2006) and are given
in Table 4. The partition coeﬃcients for constituent miner-
als in spinel-facies peridotites were taken from Landwehr
et al. (2001), Witt-Eickschen and O’Neill (2005), Hart and
Gaetani (2006) and Wood et al. (1999) and are given in
Table 5. For each of our Middle peridotites we show the
l and x anticipated from pure basaltic melts generated after
melting commenced to 0.5% and 1%, continuing thereafter
in 1% increments to 10% (Fig. 10).
A ﬁrst order observation from our model calculations is
that due to the melting behavior of mantle pyroxenes and
the very low pyroxene/silicate melt partition coeﬃcients
of U, Th and Pb (Wood et al., 1999; Landwehr et al.,
2001), 99% of all U and Th is removed from the residual
SCLM after only 2% melt extraction. With these parame-
ters, U and Th fractionate from Pb during melting; result-
ing in elevated l and x relative to the original
clinopyroxenes. Furthermore, is becomes clear that the
melts generated at each melt increment have highly variable
l and x (Fig. 10, Table A1). For example, after 0.5% melt-
ing of the Middle Atlas SCLM, melts are modeled with l
ranging from 216 to 691, while x is more variable and
ranges from 774 to 2267 (Fig. 10). After 10% depletion of
the Middle Atlas SCLM, the corresponding magmas have
l ranging from 19 to 46, which is akin to the range observed
from the convecting mantle and the host volcanic rocks.
However, the Middle Atlas clinopyroxenes have high Th
abundances and high x and this combination yields mod-
eled melts that are clearly oﬀ-set from the reference volcanic
rocks (Fig. 10).
Fig. 10. 232Th/204Pb and 238U/204Pb composition of melt fractions
(0.5–10%) modeled from the Middle Atlas clinopyroxenes using
fractional melting equations after Shaw (1970), U, Th and Pb
partition coeﬃcients for clinopyroxene/melt from Landwehr
et al. (2001) and clinopyroxene/orthopyroxene distribution after
Witt-Eickschen and O’Neill (2005). Inset in (a) is shown in greater
detail in (b). Typical compositions for DMM- and HIMU-mantle,
the MORB-OIB array as well as the original clinopyroxenes from
the Middle Atlas xenoliths are shown for comparison in (b). None
of the Atlas xenoliths yield melts with suitably low 232Th/204Pb and
238U/204Pb to explain the composition of oceanic basalts and the
intra-plate volcanic rocks.
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bole participation in the partial melting process. If amphi-
bole is present during spinel-facies melting it is consumed
almost instantaneously (LaTourette et al., 1995). In the
Middle Atlas xenoliths amphibole is an accessory phase
and therefore the calculated pure SCLM melts, particularly
those of <2% melting, yield absolute minimum U, Th and
Pb abundances and l, x and j. For example, small-degree
melting of Atl-3B and the presence of amphibole (0.8%
modal abundance) would increase the l and x in a 0.5%
melt from 691 and 2150 (clinopyroxene only) to 1050 and
2950, respectively.
These modeled l and x ratios of pure SCLM melts do
show the potential for generating extreme l and x in melts
and may present a ﬁnely tuned tool for tracing melts contri-
butions from metasomatised SCLM to intra-plate volca-
nism that exceed the sensitivity of Sr, Nd and Hf
isotopes. However, several mechanisms such as mixing
“normal” asthenosphere magma or crustal componentswith high-l and high-x lithospheric melts as well as ele-
mental fractionation during magma ascent might lower
the originally elevated l and x ratios of pure SCLM melts;
rendering the detection of SCLM contributions to terres-
trial volcanism extremely diﬃcult. Given the unremarkable
nature of Sr, Nd and, in most cases, Hf isotopes in SCLM
and the possible diﬃculties in preserving the elevated l
and x found in some SCLM minerals, caution is war-
ranted when SCLM is nominated as a discernible mantle
component.
5. CONCLUSIONS
U, Th and Pb concentrations and ratios in combination
with Pb isotope of mantle clinopyroxenes from the Middle
Atlas SCLM provide insights into the timing of metasoma-
tism, the prevalence and persistence of l, x and j in the
SCLM and the potential of detecting continental mantle
root contributions to the isotopic diversity of volcanic
rocks:
(1) Sr, Nd, Hf, Pb isotopes of our Middle Atlas clinopy-
roxenes are relatively homogeneous and show an aﬃnity to
HIMU. 232Th/204Pb and 238U/204Pb are extremely high and
distinct from estimated values of oceanic basalt source
mantle and those of the host intra-plate volcanic rocks.
87Rb/86Sr, 147Sm/143Nd and 176Lu/177Hf are within the
range of the convecting mantle.
(2) Elevated trace element abundances record metaso-
matic enrichment due to the percolation of carbonatitic ﬂu-
ids. Based on the l, x and j and Pb isotopes, this
metasomatism appears to be a very young, Cenozoic fea-
ture associated with, but clearly distinct from, the Quater-
nary intra-plate volcanism in the Middle Atlas.
(3) Globally, l, x and j in SCLM appear to suggest that
the restricted range of Pb isotopes generally does not orig-
inate from intrinsic time-integrated in-growth from their
high 232Th/204Pb and 238U/204Pb over billions of years.
Instead, the Pb isotopes of SCLM minerals tend to record
very recent metasomatic events.
(4) Numerical modeling shows that putative basaltic
melts generated from Middle Atlas SCLM may have extre-
mely high l and x. These calculated values exceed those
currently seen from oceanic basalts, although trace element
fractionation during magma ascent and magma mixing may
reconcile this discrepancy.
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Table A1
U, Th and Pb concentrations (ppm) and 238U/204Pb; 232Th/238U; and 23
melting of Middle Atlas continental mantle.
238U/204Pb 232Th/238U 232T
l j x
Calculated 0.5% melt
Atl-3A 216 3.6 77
Atl-3B 691 3.1 215
Atl-3C 616 2.7 166
Atl-3E 638 3.3 212
Atl-3F 612 2.7 165
Atl-3I 403 3.3 134
Atl-3K 439 3.5 153
Atl-3L 481 3.8 181
Atl-3T 478 4.1 195
Atl-3U 677 3.3 226
Atl-3V 221 4.2 92
Average 497 3.4 165
Calculated 2% melt
Atl-3A 86 3.6 30
Atl-3B 272 3.1 84
Atl-3C 243 2.7 65
Atl-3E 253 3.3 84
Atl-3F 243 2.7 65
Atl-3I 160 3.4 53
Atl-3K 174 3.5 61
Atl-3L 191 3.8 72
Atl-3T 190 4.1 77
Atl-3U 268 3.4 90
Atl-3V 88 4.2 36
Average 197 3.4 65
Calculated 5% melt
Atl-3A 40 3.6 14
Atl-3B 126 3.1 39
Atl-3C 113 2.7 30
Atl-3E 117 3.3 39
Atl-3F 113 2.7 30
Atl-3I 74 3.4 24
Atl-3K 81 3.5 28
Atl-3L 88 3.8 33
Atl-3T 88 4.1 36
Atl-3U 125 3.4 41
Atl-3V 41 4.2 17
Average 91 3.4 30
Calculated 10% melt
Atl-3A 19 3.4 6
Atl-3B 66 3.0 19
Atl-3C 56 2.4 13
Atl-3E 74 3.3 24
Atl-3F 71 2.7 19
Atl-3I 46 3.4 15
Atl-3K 51 3.5 17
Atl-3L 55 3.8 21
Atl-3T 55 4.1 22
Atl-3U 78 3.4 26
Atl-3V 25 4.2 10
Average 54 3.4 17reviewers are appreciated and particularly the associated editor
Mark Rehka¨mper helped to streamline the ideas presented in this
contribution and to create a more palatable paper.IX A
2Th/204Pb systematics of calculated melts produced from putative
h/204Pb U Th Pb
ppm ppm ppm
4 2.327 8.061 0.713
0 13.187 39.695 1.268
1 9.499 24.786 1.025
2 10.259 33.007 1.066
1 9.499 24.786 1.025
7 2.179 7.048 0.356
8 5.769 19.552 0.875
3 9.384 34.253 1.298
3 15.581 61.608 2.173
7 10.312 33.428 1.014
7 1.240 5.041 0.372
5 8.112 26.479 1.017
8 0.861 2.991 0.666
8 4.880 14.729 1.183
7 3.516 9.197 0.956
4 3.797 12.248 0.995
7 3.516 9.197 0.956
6 0.806 2.615 0.333
2 2.135 7.255 0.816
1 3.473 12.710 1.211
6 5.766 22.860 2.028
1 3.816 12.404 0.946
9 0.459 1.870 0.347
7 3.002 9.825 0.949
3 0.348 1.210 0.580
4 1.974 5.958 1.031
5 1.422 3.720 0.833
2 1.536 4.954 0.867
5 1.422 3.720 0.833
9 0.326 1.058 0.290
4 0.864 2.935 0.712
4 1.405 5.141 1.056
0 2.332 9.247 1.767
8 1.544 5.017 0.825
1 0.186 0.757 0.303
5 1.214 3.974 0.827
4 0.106 0.345 0.371
7 0.683 1.986 0.688
3 0.469 1.079 0.556
5 0.768 2.477 0.692
1 0.711 1.860 0.665
6 0.163 0.529 0.231
8 0.432 1.467 0.568
0 0.702 2.571 0.843
6 1.166 4.623 1.411
2 0.772 2.509 0.658
7 0.093 0.378 0.242
9 0.551 1.802 0.630
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